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THE DESIGN OF A HYDRO^PNEuiaTIC UNIVERSAL 
SPAR TESTING MACHINE 
SUMMARY 
The design described herein is that of a Universal Spar 
Testing Machine developed at the Daniel Guggenheim School of 
Aeronautics of the Georgia School of Technology, Atlanta, 
Georgia, by the author as a thesis for the degree of Master 
of Soience in Aeronautical Engineering. The purpose of this 
development was to provide a means for the further research 
and Investigation of the strength of wing spars* 
The machine is composed essentially of five main parts: 
namely, a hydro-pneumatic loading System, a loading control 
system, an adjustable or movable support for the loading 
system, a stationary base or frame for supporting the spar, 
and a defleetometer for measuring spar deflections* 
The machine was designed to accommodate spars up to 20* 
in length, 13* in depth, and 3* in thickness, and it is 
capable of producing loads up to 30,000 pounds. In case it 
is desired to test spars larger than the aforementioned, a 
scale model of the spar would have to be used. 
The loading arrangement consists of a number of hydro-
pneumatic units which are to be placed at the rib point sup-
ports of a given spar* A medium grade oil Is used as a seal 
in the cells and a maximum of 500 pounds air pressure is 
supplied by a two stage compressor* 
IITTRGBtGTIdK 
An Important phase of aeronautical research is the ex-
perimental determination of the strength of wing spars* In 
connection with this form of research, the means for secur-
ing criteria for spar design have been more or less limited. 
The ideal Solution of this problem would be the development 
of a machine that would reproduce the conditions experi-
enced by a wing spar in actual flight* Several attempts to 
solve this problem have been made but up to the present the 
author has not been able to find published information on a 
machine capable of furnishing accurate data for any desired 
loading condition on spars of various sizes, and capable of 
applying the loads simultaneously* 
Certain machines have been built that are capable of 
testing spars of practically any size but the loading 
conditions were only approximated by the hanging of weights 
along the spar (Ref.1,3,3). Other machines have been de-
vised for special loading conditions, such as axial, uni-
form transverse, and varying transverse, or any combination, 
but these machines have been limited to a small range in 
the size of spars to be tested (Ref.4,5). Machines have 
also been constructed that were adaptable with regard both 
to the distribution of loads and the method of load appli-
cation to the spar (Ref* .6) JO). Machines of this type 
have an adjustable out hoard spar support and a loading de-
vice composed of a system of levers on which weights are 
hung. However, the disadvantage of this type is its in-
ability to apply all of the loads to the spar simultaneous-
ly* From eaoh of the above cases it is quite evident that 
the major problem in the design of a spar testing machine 
is that of the loading system on which the machine depends 
for its universality* 
The investigation described herein was made by the 
author at the Daniel Guggenheim School of Aeronautics of the 
Georgia School of Technology, Atlanta, Georgia* The purpose 
of this investigation was to develop the design of a spar 
testing machine to be Installed and used in the aircraft 
structural testing laboratory* This Investigation was con-
fined to two phases in the development of this machine as 
followsi 
1* The design of a flexible loading unit, several 
of which could be used for applying loads simultaneously to 
the spar and for effecting any desired load distribution* 
2* The incorporation of these units together with 
suitable control apparatus in the design of a rigid 
structure for supporting the test spar and the loading units 
in any desired manner* 
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DESCRIPTION OF MACHINE 
In the design of this.spar testing machine the follow-
ing requirements were set up as a guide: 
1* Flexibility of loading system both as to 
magnitude and distribution of loads* 
3* Simultaneous application of loads* 
3. Universal mounting of test spar* 
4* Simplicity, compactness, and ease of operation* 
After a careful consideration it was decided that a 
maximum full scale spar of 30• length was the largest for 
which such a machine would be economically feasible* However, 
larger spars could be tested in sections or by means of scale 
models* Assuming a minimum rib spacing of I1 and a maximum 
total load of 30,000 pounds, it was necessary for each unit 
to be capable of producing a force of 1000 lbs* 
Loading Unit 
Several possible methods of load application were con-
sidered and it was finally decided that the loading require-
ments could best be met by utilizing a hydro-pneumatic princi-
ple* In the application of this principle the load is applied 
by a close fitting piston in a cylinder filled with oil into 
which air pressure is introduced from an external source, a 
short strut and a shoe being used to transmit the load to the 
spar* This cylinder is connected to a large air chamber which 
acts as a pressure reserve and enables the cell to produce 
practically a constant load, varying only one percent for 
the full stroke of the piston* 
In the development and design of this cell it was neces-
sary to determine the manner in which binding and friction 
would effect its operation and to ascertain the way in which 
these effects could be kept within a one percent limit* A 
testing device (Fig* 1 ) was constructed which consisted of a 
structural steel frame supporting a load beam mounted on ball 
bearings* A movable table was used for holding the test cell 
and a screw jack was employed for raising and lowering this 
table* 
The first cell (Fig. 3 ) was designed for a working air 
pressure of 60 pounds which was available in the laboratory; 
It consisted of a steel cylinder of a 5* Inside diameter, a 
oast iron piston having a length-diameter ratio of 1, a rod, 
acting as a strut, screwed into the piston, and a shoe rest-
ing on a 1/2" hardened ball in a spherical seat at the top 
Of the rod* 
This cell was tested at an air pressure of 60 pounds* 
The results showed that the friction of the oil in the small 
1/8* copper tube, which was used as a pressure line, was 
s 
sufficient to cause a sluggish action of the cell. It was 
possible, of course, to Increase the size of this line but 
this would have limited the flexibility of the system and would 
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not have entirely eliminated the friction of the oil in the 
tube* Obviously it was necessary for the pressure line to 
be fyee of oil* Consequently, an oil reseWolr^laarge 
enough to hold a volume of oil somewhat greater than the dis-
placement of the piston,was attached to the cylinder by a 
short 1/4* nipple. The pressure line, now free of oil, was 
attached to the top of the reservoir. This addition made it 
possible to use a smaller pressure line, resulting in a more 
flexible system* 
Before the investigation of the low pressure system was 
completed, a 500 pound pressure supply was made available in 
the test laboratory and it was to great advantage both eco-
nomically and structurally to adopt a small loading unit and 
use higher pressures* 
A smaller cell of similar type was then designed (Fig. 3 )• 
In this cell the cylinder* and oil reservoir were made in one 
cast iron block, the cylinder having a diameter of 2* and 
the reservoir having a diameter of 1-1/3* with a 3/8w hole 
between the two for the oil passage* The piston was made of 
steel and was ground with a clearance of .0003*. The cylinder 
was 7-3/16* tall giving the piston a 3" stroke* The arrange-
ment of the strut and shoe was the same as that used in the 
low pressure cell* A test cell of these dimensions was con-
structed having a steel cylinder and cast iron piston* 
When 300 pounds pressure was put on this cell, it was 
found that the friction was much too high. Part of the 
friction evidently was caused by the ball and socket joint in 
the shoe and the remainder was due to the binding effect re-
suiting from the moment produced on the piston by the side 
component of the load* To reduce this friction a second 
ball and socket joint was introduced at the lower end of the 
81rut and the 81 rut was case hardened* This arrangement re-
duced the binding effect somewhat, but there was still a 
tendency for the piston to bind due to the side load applied 
by the strut at the top of the piston* Also, when the piston 
was at the top of its stroke the strut became unstable and 
fell over* A small triangular wire spring was fixed in an 
undercut circular groove in the cap of the cylinder to hold 
the strut in a central position throughout the travel of the 
piston* To relieve still further the moment on the piston the 
ball and socket joint was lowered to the center* This change 
brought the friction within a two percent limit of the load 
and eliminated the Instability of the strut* It was found 
that by removing the shoe and allowing the upper ball to bear 
on a flat steel surface that the friction was reduced to as 
low as 1/3 of one percent* Such a result would be expected 
since a ball and socket is subjected to sliding friction 
while a baJLl in contact with a flat plate experiences only 
rolling friction* As a result of this conclusion the hemi-
spherical sockets at each end of the strut were cut with a 
1/18w larger radius than that of the ball in order to give a 
rolling action at the joint* This modification brought the 
friction within a one percent limit* 
tests on the cell with all the above modifications show-
ed excessive air leakage around the top of the piston at pres-
sures of 100 and 200 pounds. On investigation, it was found 
that air was coming from the reservoir into the cylinder 
through the wall of the casting about halfway up• Later it 
was found that oil leaked through the cast iron piston of 
the test cell when the ball joint was lowered within an inch 
of the bottom* These tests revealed the fact that it was very 
difficult to use cast iron for the cylinder or piston at these 
pressures* On the basis of this conclusion a new piston was 
made for the test cell* This piston was made of steel case 
hardened* ground, and lapped into the cylinder* Tests on 
this cell at both 200 and 300 pounds pressure proved satis-
factory, the friction of tJie cell being within the one percent 
limit* 
The cylinder and piston of the final cell (Flg»4 and 5) 
were made of hard manganese steel, the other features being 
essentially the same* The cylinder was made from solid stock 
and had an inside diameter of 2*523n giving it a cross section 
area of 5 sq. in. The piston was case hardened and ground* The 
reservoir*was made of 3-1/3" seamless steel tubing with a 1/2" 
wall thickness* having 1/2* plugs seated in each end and a 1/4' 
nipple connection to the cylinder* Two small steel ribs were 
soldered between the cylinder and reservoir to add to the 
rigidity of the unit. (Fig*6 shows the sequence in the de 
ment of the loading unit,) 
*• / Load fable 
The load table (Fig*8) consisting .#£ an S* I beam, 20f 
long acts as a support for the loading unite. This beam was 
designed for a maximum deflection of approximately one inch for 
the worst loading condition. (Appendix A for details) A guide 
made of two 5" Zs and siidable on the vertical Z assembly is 
secured to the end of this H beam. The lateral spar supports 
made of 2W steel straps are also secured to this beam* This 
entire assembly is supported by two 7 ton Black Hawk hydraulic 
jacks (Appendix A for position of jacks for minimum deflection 
of beam). 
Frame 
The frame (Fig.8) consists of a horizontal assembly made 
of two 4* Z beams which are braced by a light 7* channel and 
secured to the concrete floor, and a vertical assembly of 
similar cross section secured to the brick wall by two Bn Zs. 
The purpose of the horizontal assembly Is to provide a sup-
port for the two hydraulic jaoks and to act as a base for the 
outboard spar support• The vertical assembly furnishes a sup-
port for/the inboard spar fitting and acts, as a guide for the 
adjustable load table* The inboard spar fitting consists of 
two 5ttx 3* angles secured to the vertical assembly* This 
fitting may be adjusted for both thickness and depth of test spar* 
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The outboard spar support (Pig* 8) consists of a lower 
slidable member, a pair of tie rods attached to this member» 
a singletree attached to the top of the tie rods, and straps 
running from the singletree to the strut point of the spar. 
The lower member may be clamped by means of two large bolts 
at any point along the horizontal assembly thus giving the 
linkage any desired slope. The lower member is fitted at 
each end with eyes which are pinned to small clevises into 
which the tie rods are secured. This arrangement allows 
motion in two planes thus equalizing the tension in the tie 
rods. The upper end of each tie rod is secured to the single-
tree by a ball and socket adjustment. There is a clevis, to 
which the 8traps are connected, pinned to the center of the 
singletree. A series of holes are drilled in the straps to 
allow for complete adjustment of the linkage. It would have 
been desirable to have designed this linkage as a single wire 
•.."/**f 
system but due to the presence of the load table under the 
spar it wal necessary to adopt a two wire system as noted. 
This linkage is to be made of Chrome-Molybdenum steel 
(S.A.E.Ho.4130) having an Elastic Limit of 88,600 pounds per 
sq.in. in the annealed state. 
Defleetometer 
The device for measuring spar deflections consists of a 
reinforced wooden beam and a set of height gauges. This beam 
is secured to the horizontal assembly by four 3/8ttx 1-1/a* 
steel straps. The top is finished to provide a smooth surface 
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Tile manifold, 2*» in diameter and 36" long, is made of a 
seamless steel tube plugged at the ends, it has a row of holes 
on on| 8i|e for the cell and air ohambe* valves and holes on 
the other for the loading, release, and gauge valves, all of 
which are fastened under the control table. 
A table of suitable dimensions is used as a mounting for 
the gauges* blompressdr switch, and pressure valves of the 
loading system which are arranged in convenient order(Fig.7). 
High pressure needle valves are used and their stems extent 
through the top of the table and are bushed in a copper plate 
secured to the top of the table. 
METHOD OP OPERATION 
The spar to be tested is secured to the inboard spar 
fitting and the outboard support is attached and adjusted 
according to specifications. The load table is then raised 
until the top of the cells are about four inches from the spar. 
Wooden buffer blocks of suitable thickness are screwed to the 
lateral spar supports and these supports are adjusted against 
the sides of the spar and clamped in place. The loading cells 
are placed at the rib points of the spar and each cell is pre-
loaded as determined by a specified load distribution curve. 
The height gauges are placed on the wooden beam and zero read-
ings are taken at intervals along the spar. The load table 
is now raised by means of the jacks and the load is transferred 
to the spar. The deflections at the reference points are now 
obtained. The table is lowered, more pressure is applied to the 
-13* 
cells, and the increased load is applied to the spar by rais-
ing the load table as before* Deflect ions are taken for each 
increase in load. Loads are increased until the spar fails or 
until a specified maximum load is reached* 
COfrGLUSION 
It is not to be inferred^ by the foregoing discussion that 
this machine is a final solution of the problem but it is the 
nearest approach as compared with other similar devices known 
to the author* Recommendations for the further development 
of this type of testing machine are as follows: 
1* The addition of special devices for involving a time 
fad tor in the application of loads; i*e., sudden re-
moval and application of loads* 
3* The use of a hydraulic device for measuring spar de-
flections and reproducing the curvature of the spar 
graphically* 
3. The application of this principle to rib tests and 
tests of wings. 
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APPENDIX A 
Location of Supports for Minimum Deflection 
It i s assumed that for a condition of minimum deflect ion 
that the deflection at the ends of the beam i s the same as that 
at the middle of the beam. Since both points have the same 
def lect ion, the sum of the moments of the areas of the moment 
diagram for half the beam taken about the end point must be 
zero* 
See Fig. 9-A for Diagram 
A * 2 T Si
8
 x 1 - El
3 
HL 3 * 8 * 3 " 34 
3 3 x 3 - 4 
A m I x H|l x x = M 
3 3 3 6 
3 
H'< & • J>- ̂  1 + *> - f Cfx) - o 
5 , 4 . l 3 x x a l a ~ 8 l „4 n # 2 + ~ - 3~ - Sx'l - x •» 0 
On solution of this equation we get: 
X m -=̂ -1 
10 
a « A. x El* . wxfi
8 / j 
384 * EI 16EI va/ 
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Design of H-Beam ( Load Table ) 
See Fig* 9-B for Diagram 
For supports at ends: 
-*- * -*- x Si? 
384 EI 
a^iil
:-&i&4fr\?A * 384 x 39 x 10°xi l2.8 
3 * 5 y ^ x , 3 t3y? A7^0,O0Q * A132» fw - V Th/inY 384 x 29 x 106x 112.8 : 0 1 3 S <w ~ r- » / W -
Assuming a maximum loading oondltion of 1000 l b s . / f t . 
Weight of beam = 32.6 l b s . / f t . 
Weight of each c e l l = (approx.) 30 l b s . 
Total load » 1,063 l b s . / f t . = 8 8 . 8 l b s . / i n . 
Then* 
a = .0132 x 88.8 « 1.18n (Maximum deflection) 
Posit ion of jacks for fo&nimroa deflection: 
1 + 2x » 20 
s - ^ T v * 10 
1 + | i « 20 
1. • l l . l l 
X: « 4.45» 
On* substituting these values in Equation (a): 
a - .00038 »(f or a w of 1 lb./in.) 
Maximum loading condition * 88.8 lbs./in. 




Design of Outboard Support 
Members 
T&e material to be %Be& is Chrome-Moiybdenum steel 
with ah elastic limit of 88,600 Ifes./sq. in. in the annealed 
state* 
See fig. 10--& for Diagram 
B^ x 15 - (20acl) x 10 * 0 
Rl = I2| = 13.33 Kips. 
R2 =20-13.33 .« 6.67 Kips. 
Tension in wires: 
13.33 m .**t 
f m 13 .33 .* 10*44 m 46.5 KipS 
3 • 
or 23.25 Kips in each wire 
Ziower stippp^ 
See Fig.^lO-B for Section 





« 8.89 In. 
« ( ^ x e i i f - s ^ i i x i | j ) 













' * & 
-IS-
IA-
:% x 4.75 m 33,300 x 4.75 * 105,500 lb.in. 
Ty * 6.67 Kips 
Mg••« Ty x 4.75 
=31,600 lb.in. 
S, Tu 
SA =* JLQPiSQP ? 2.5 'A 8.89 




SB a 31,600 x 
.455 
« 43,400 IbB./sq.in. 
m̂axf* 43»40° + 29,700 » 73,100 Ibs/sq.in. 
§f-*f§t - 1.31 « Safety faetor(based on 
7 3 > 1 C % Elastic Limit) 
Friction of lower support 
Coefficient of friction of metal on metal 
' « .15 (lowest) (Bef.7 ) 
% (Total) • 32,200 x 3 = 44,400 l b s . 
Wsing l w bol ts (heat treated) to 100,000 l b s . / s q . i n . 
Area of bo l t * .7854 sq.in* 
. ' , Load from bolt « .7854 x 100,000 » 78,540 IbB. 
Total load from bolts:« 78,540 x 2 = 157,080 l b s . 
Total load on "upper surface * 157,030 - 13,333 » 
143,747 l b s . 
nr 
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Frictional f o x e e o f tipper surface « 
.15 x 143,747 » 21,562 l b s . 
Total load on lower surface « 
157 ,080+13 ,330 = 170,410 l b s . 
Frictional force of lower surface »• 
• 15 x 170,410 «•' 25,600 lbs . 
Total f r ic t iona l force t= 
25,600 + 21,562 « 47,162 l b s . 
Singletree (Fig.8-3) 
For section see Fig*10-C 
ijjr i^i*38-Axl3Ci*) 
M m 23,250 x 4.25 * 99,000 l b . i n . 
» « I S . •„>•• 
*AA 
& = ?9tfQg * I t5 . • 66,500 l b s . / s q . i n . 
S*T* s H 4 S I *• 1*33 (based on Elast ic Limit) oo ,ouu 
Chromes-Molybdenum Steel : 
(Ref.8) Ultimate tension strength = 200,000 Ibs/sq.in* 
Bearing strength « 146,000 Ibs / sq . in . 
* She axing strength « 120,000 Ibs / sq . in . 
5W pin in shear 
8 
A « .3068 sq.in. 
ATotal ~ 2 x •3068 « .6136 sq.in. 
imwM 
x h W l ^ 1 IJrM'S 
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STotaf s * 6 1 * 6 xl^0»000 • 73,600 I b s / s q . i n . 
Total load on bol t = 46,000 lbs* 
S-F- -SjBf » •» 
Efre6 (Fig*8-5) 
Shear: 
A a §. x 1 x 2 a .75 s q . i n . 
8 
JiOad a #"?5 x 120,000 « 90,000 l b s . 
S.F. * SSLSpr: 3,37 
23,250 
Tension: 
A s S x l x l a .75 s q . i n . 
8 
Load a 88,600 x .75 a 66,500 l b s . 
S.F. « ff«f§8 » 2« 86 (based on E la s t i c Limit) 
33,2Dv 
Bearing: 
A = 1 x 1 = 1 sq.in. 
Load = 1 x 146,000 « 146,000 lbs.(uncorrected) 
Load = 1%f 2 a;-. 52,100 lbs. 
.•Si*'- • . 
(2 .8 » Frost and Richard's Constant Ref.9) 
S.F. • 5 8 A 9 0 s 2.24 23,250 * ' 
Upper c l ev i s (Fig. 8-6) 
For sec t ion see Fig.lO-D 
Shear: 
A a i I | I | I 2•*• 1 sq. ln . 
Load s 1 x 120J000 lbs* 
' S.F. m l S L f i 2 £ = 3.58 46,500 **°° 
Tension: 
A = i x i x 2 x 2 » l Sq. in. 
2 2 
Load a 1 x 88,600 a 88,600 lbs. 
S.F. « HoSCS.'* 1.9 (based on Elastic Limit) 
- 2 1 -
timrw 
pending: 
Ti - 8<S><tMfr « 2fi »!* ' 1 * sr—-a 16 8 2 x 2 
v***i )-ii--8 , , i»-* 
c * 4 - W 
8 ife 
Bs .-, fo.W f k # 7 S * -g75 = 6s;400 lb s / eq . in . 
3«o£> 
S # F # = I f ' f oo s 1 # 4 < b a B e d o n Elast io Limit) 
fcgwer, o^eyis (Fig.8-13) 
Sbear* 3 • • 
A « £. x 2 x . J « | | « .656 sq . in . 
Load « •656 x 120,000 « 78,600 l b s . 
S.F. « O i S B . 3.38 
23,250 
Tension: 
A « I x i * 2L * .328 sq . in . 
8 8 64 
Load » .328 x 88,600 « 29,000 l b s . 
S.F. ' • !i-* 
23,250 
1.24 ( based on E l a e t i o Limlt) 
Straps (Fig.8-9) 
Tensions 
A ** f x "TO- = TO- - • 1 4 r l sq . in . 
Loads .141 x 88,600 » 12,492 lbs , 
I f loads over 13,000 l b s . are to be used, larger straps 
w i l l be needed. 
